Abstract. In this paper, we consider the application of the h-p version finite element method in analysis of hydraulic structures by using the FEM computational software StressCheck of American ESRD (Engineering Software Research and Development) company as the computational tool. We choose a three dimensional concrete gravity dam as the computational model and compute the maximum displacement and the first principal stress of the concrete gravity dam. The results show that the h-p version finite element method is effective and reliable in analysis of hydraulic structures for the model chosen, and we obtained faster convergence rate, higher precision and smaller error by using the h-p version finite element method than by using p-version and h-version finite element method.
Introduction
According to the structure of finite element solutions, there are three approaches of the finite element method: the h-version, the p-version and the h-p version. In the h-version, the degree p of the elements is fixed at a low level and the accuracy is achieved by properly refining the mesh. In the p-version, the mesh is fixed and the degree p of polynomials is increased uniformly or selectively to achieve the accuracy. The h-p version is the combination of the h-version and p-version, namely, refine meshes and increase polynomial degrees simultaneously and selectively (or uniformly) in order to achieve higher accuracy. The p-version and h-p version finite element methods are new developments of finite element method. It is well known that the one and two dimensional p and h-p version finite element methods (FEM) have made great progress in past three decades [1] [2] [3] [4] [5] [6] [7] [8] [9] , and have been widely used in scientific and engineering fields. In recent years, the convergence of three dimensional p and h-p version finite element methods (FEM) have been established [10] [11] [12] [13] [14] [15] and applied successfully in the different engineering fields. But in analysis of hydraulic structures, researchers only obtained a few results by using the p-version finite element method [16] [17] [18] [19] , application of the h-p version finite element method is much less.
In next section, we will choose a three dimensional concrete gravity dam as our computational model and compute its maximum displacement and the first principal stress by using StressCheck which is based the p and h-p finite element method.
Model
An actual concrete gravity dam was shown in Fig. 1 . In this model, the total reservoir capacity is 210000000 cubic meters, the height of dam is 180 meters, and the width of the top of the dam is 18 meters. The upstream slope of dam body is vertical downward, the downstream slope ratio is 0.75, C24 concrete dam material is selected. The weight of dam body is 0.024MN/m³, modulus of elasticity E=26GPa, Poisson's ratio is 0.167. The weight of dam foundation is 0.026MN/m³, modulus of elasticity E=29GPa, Poisson's ratio is 0. 
Numerical Results
In this section, we adopted hexahedral elements to compute the maximum displacement in x and y direction and the first principal stress S1 of the three dimensional concrete gravity dam under basic load combination (water pressure, sediment pressure, self-weight and uplift pressure) and compared the results with the results obtained by the h-version and p-version finite element method. We obtained the maximum displacement Ux, Uy in x, y direction and the first principal stress of the concrete gravity dam at the dam heel when the number e of hexahedral meshes are 80, 270, 640, 1250, 2160, 5120, separately. The numerical results of the maximum displacement Ux, Uy in x, y direction and the first principal stress of the three dimensional concrete gravity dam at the dam heel are shown separately in the Table 1,Table 2 and Table 3 corresponding to the h-version, p-version and h-p version finite element method: Where e represents the number of meshes, p is the degree of interpolation polynomial, DOF: Degrees of Freedom. Relative errors in energy norm The mesh division, the computation results of maximum displacement Ux, Uy in x, y direction, the first principal stress of the three dimensional concrete gravity dam at the dam heel when e=5120 (the number of meshes) in StressCheck are shown in Fig. 4 and 
Conclusion
In this paper, we studied the application of the h-p version finite element method in analysis of the hydraulic structures, we compute numerically the maximum displacement and the first principal stress of a three dimensional concrete gravity dam by using the FEM computational software StressCheck, compare with the computational results of p-version finite element method and h-version finite element method. The numerical results show that the h-p finite element method has the following advantages: less meshes, faster convergence rate, higher precision and smaller error. Therefore, the application of the h-p version finite element method in analysis of hydraulic structures is effective and practicable. Furthermore, the h-p version finite element method can be applied in dynamic analysis of hydraulic structures in future work.
